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ABSTRACT
We investigate whether varying the dust composition (described by the optical constants) can solve
a persistent problem in debris disk modeling—the inability to fit the thermal emission without over-
predicting the scattered light. We model five images of the β Pictoris disk: two in scattered light from
HST/STIS at 0.58 µm and HST/WFC3 at 1.16 µm, and three in thermal emission from Spitzer/MIPS
at 24 µm, Herschel/PACS at 70 µm, and ALMA at 870 µm. The WFC3 and MIPS data are published
here for the first time. We focus our modeling on the outer part of this disk, consisting of a parent body
ring and a halo of small grains. First, we confirm that a model using astronomical silicates cannot
simultaneously fit the thermal and scattered light data. Next, we use a simple, generic function for the
optical constants to show that varying the dust composition can improve the fit substantially. Finally,
we model the dust as a mixture of the most plausible debris constituents: astronomical silicates,
water ice, organic refractory material, and vacuum. We achieve a good fit to all datasets with grains
composed predominantly of silicates and organics, while ice and vacuum are, at most, present in small
amounts. This composition is similar to one derived from previous work on the HR 4796A disk. Our
model also fits the thermal SED, scattered light colors, and high-resolution mid-IR data from T-ReCS
for this disk. Additionally, we show that sub-blowout grains are a necessary component of the halo.
Keywords: circumstellar matter – planetary systems – stars: individual (beta Pictoris)
1. INTRODUCTION
Debris disks are the circumstellar material that re-
mains in planetary systems after the giant planets have
formed and protoplanetary disks have dispersed, and
they provide a unique opportunity to study planetary
systems over a large range of orbital scales. The pres-
ence of a debris disk confirms that the planet formation
process has progressed at least to the formation of plan-
etesimals. The locations of debris disks reveal the archi-
tectures of planetary systems, as planets sculpt and clear
the debris material (e.g. Wyatt et al. 1999; Moro-Mart´ın
& Malhotra 2005; Quillen 2006; Rodigas et al. 2014a).
The frequency and brightness of debris disks versus stel-
lar age informs our understanding of the evolution of
planetary systems (e.g. Rieke et al. 2005; Su et al. 2006;
Sierchio et al. 2014). Finally, the composition of debris
disks—the focus of this study—provides insight into the
composition of planetesimals, a critical parameter in un-
derstanding their roles in planet formation. For recent
reviews of debris disks, see Wyatt (2008), Matthews et al.
(2014).
The particles in a debris disk range in size from par-
ent body planetesimals down to the dust created by the
collisional processing of the parent bodies; it is the dust
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that is primarily observable. Fully characterizing a de-
bris disk involves determining three properties about this
dust: its spatial distribution, its size distribution, and its
composition. While hundreds of debris disks have been
studied, most have only been characterized by their spec-
tral energy distributions (SEDs) that result from infrared
thermal emission from the dust (e.g. Ballering et al. 2013;
Chen et al. 2014). SEDs provide the temperature of the
dust, but the temperature of a dust grain depends on its
location, size, and composition; thus, temperature alone
is not sufficient to characterize a debris disk fully. Re-
solved images at multiple wavelengths are much more
powerful for characterizing debris disks. An image pro-
vides an independent measure of the spatial distribution
of the dust, while the variation of its brightness with
wavelength allows the size distribution and composition
of the dust to be constrained (e.g. Debes et al. 2008;
Rodigas et al. 2015). Visible and near-infrared images
trace starlight that is scattered by the circumstellar dust
grains, while mid-infrared to mm-wave images trace the
grains’ thermal emission. A complete debris disk model
would match all of the available data, including scattered
light images, thermal images, and the thermal SED.
Many studies of debris disks to date have had diffi-
culty successfully modeling both the thermal emission
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2and scattered starlight in a self-consistent manner. Krist
et al. (2010) imaged the debris disk around HD 207129 in
scattered light with the Hubble Space Telescope (HST ),
then modeled the thermal SED of the disk while using
the image to fix its location. Assuming the dust was com-
posed of astronomical silicates, they obtained a good fit
to the SED by varying the grain size parameters. How-
ever, their best fit model significantly over-predicted the
brightness of the disk in scattered light compared to the
HST image. In a very similar analysis, Golimowski et al.
(2011) modeled the HD 92945 debris disk (also assum-
ing astronomical silicates for the dust composition) and
found that their model over-predicted the observed scat-
tered light brightness by a factor of five. Lebreton et al.
(2012) modeled the thermal SED of the HD 181327 de-
bris disk by varying the grain sizes and composition and
fixing the dust location from an HST scattered light im-
age at 1.1 µm; their best fit model over-predicted the
scattered light brightness by a factor of 4.5. For the HD
32297 debris disk, Rodigas et al. (2014b) found that the
best fitting model to the SED by Donaldson et al. (2013)
was inconsistent with the disk’s scattered light bright-
ness. Rodigas et al. (2015), in characterizing the debris
disk around HR 4796A, showed that models fit only to
the scattered light data matched the thermal emission
data very poorly, and vice versa—illustrating the impor-
tance of modeling both the scattered light and thermal
emission data simultaneously.
The nearby A6V star β Pictoris hosts a large, bright,
edge-on debris disk that is amenable to imaging at many
wavelengths. The disk was discovered with the Infrared
Astronomical Satellite (IRAS) through its thermal emis-
sion (published by Aumann (1985)) and subsequently im-
aged in scattered light by Smith & Terrile (1984). Since
then, the β Pic disk has been observed with numerous
instruments and analyzed many times to investigate its
various properties. However, no model of the disk has yet
been assembled to match the latest high-quality images
in scattered light and thermal emission. In this study we
perform such an analysis, modeling images from the Hub-
ble, Spitzer, and Herschel space telescopes, and the Ata-
cama Large Millimeter/submillimeter Array (ALMA).
The β Pic debris disk consists of multiple components
at various stellocentric distances. We focused on the
outer two components that were spatially resolved in all
the images we considered. These components include a
belt of parent body planetesimals and a halo of small
dust grains generated by the collisional processing of the
parent bodies and pushed into eccentric or unbound or-
bits by the force from stellar radiation (Augereau et al.
2001). The parent body belt—traced by sub-mm im-
ages that are sensitive to large grains—extends from
∼40 au to ∼150 au (Dent et al. 2014), while the halo—
which dominates the scattered light signal—extends to
at least ∼1800 au (Larwood & Kalas 2001). Nearer the
star is a warm debris component detected in the mid-
IR (e.g. Knacke et al. 1993; Telesco et al. 2005; Chen
et al. 2007; Li et al. 2012) and scattered light (Milli et al.
2014; Millar-Blanchaer et al. 2015), and also a very hot
dust component detected from near-IR interferometery
(Defre`re et al. 2012). These inner components were un-
resolved in many of our data sets, so we did not include
them in our analysis. In addition to dust, the β Pic
debris disk also contains a gas component. The spatial
distribution of much of the gas coincides with the dust,
and this gas is likely produced by collisional vaporization
or photodesorption of the dust grains (Brandeker et al.
2004; Roberge et al. 2006; Cataldi et al. 2014; Dent et al.
2014).
The morphology of this debris disk is complicated by
several asymmetries and substructures (Kalas & Jewitt
1995; Golimowski et al. 2006; Apai et al. 2015), which
likely originate from perturbations by the giant planet
located 8 au from the star (Mouillet et al. 1997; Augereau
et al. 2001; Nesvold & Kuchner 2015) that was detected
by Lagrange et al. (2010). The goal of our study was to
better understand the grain properties—rather than the
morphology—of this disk, so we did not attempt to repro-
duce the observed detailed structure. We did, however,
account for the overall brightness asymmetry between
the NE and SW sides of the disk by modeling them sep-
arately.
An outline of this paper is as follows. In §2 we summa-
rize the properties of the central star. In §3 we present
the data we used in this study, including previously un-
published images from HST and Spitzer. In §4 we detail
our procedure for generating model images. In §5 we
show our derived spatial parameters for the two outer
disk components, which we then adopt when modeling
the dust composition as we describe in §6. When mod-
eling the composition we first try grains composed of
astronomical silicates (§6.2), then we use a generic func-
tion for the material optical constants (§6.3), and finally
we use a mixture of astronomical silicates, water ice, re-
fractory organics, and vacuum (§6.4). In §6.5 we check
our best fit model against the thermal SED, while com-
parisons with additional datasets can be found in the
Appendix. In §7 we discuss the broader implications of
our results, then we offer a summary and conclusions in
§8.
2. STELLAR PROPERTIES
β Pic is a 21–24 Myr-old (Binks & Jeffries 2014, 2016)
A6V star located at a distance of 19.44 pc (van Leeuwen
2007) with M? = 1.75 M, T? = 8200 K, and L? = 8.7
L (Crifo et al. 1997). We required a model SED of the
star’s photosphere both for measuring the excess infrared
flux emerging from the debris disk and for determining
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the incident flux on dust grains when generating mod-
els of the scattered light and thermal emission from the
disk. We used an ATLAS9 (Castelli & Kurucz 2004)
photosphere model with T? = 8000 K, log g = 4.0, and
solar metallicity. The spectrum was modeled only out
to 160 µm, so we extended it to 10,000 µm by extrapo-
lating with a Rayleigh-Jeans power-law. The amplitude
of the photosphere SED model was set so that integrat-
ing under it yielded a total luminosity of 8.7 L, which
required R? = 1.54 R. Our final SED model agreed
well with photometric data of this star in the visible and
near-IR.
3. DATA
We characterized the β Pic outer debris disk by model-
ing five images in different wavelength regimes. Two im-
ages were obtained with HST and probe scattered light;
they were taken with the Space Telescope Imaging Spec-
trograph (STIS) and the Wide Field Camera 3 (WFC3).
The other three images probed thermal emission and
were taken with the Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004) at 24 µm, the Herschel
Photodetector Array Camera and Spectrometer (PACS;
Poglitsch et al. 2010) at 70 µm, and ALMA at 870 µm.
In the following sections we describe each of our five
datasets, providing extra detail for the HST/WFC3 and
Spitzer/MIPS data that are published here for the first
time. There were several basic data processing steps that
we applied to all of the images. We cropped the images
to place the star at the center. We rotated the images
to align the mid-plane of the (edge-on) disk horizontally,
using the WCS associated with each image and the disk’s
known position angle (29◦). We extracted radial profiles
by selecting a strip of each image along the mid-plane
of the disk and computed the mean value of the pixels
at each point along the length of the strip. There is a
known asymmetry between the brightness of the NE and
SW sides of the disk, so we extracted the profiles of each
side separately. The widths of the strips were 25 pixels
(1.′′27), 11 pixels (1.′′32), 5 pixels (6.′′225), 5 pixels (8′′),
and 5 pixels (0.′′5) for the STIS, WFC3, MIPS, PACS,
and ALMA images, respectively. For details on how we
chose these values, see §4.
In Table 1 we present a collection of photometry data
for the whole disk spanning the range of wavelengths
where the thermal radiation is dominated by the outer
disk components (λ & 20 µm). The Spitzer Infrared
Spectrograph (IRS; Houck et al. 2004) data on β Pic
(Chen et al. 2007) provides a detailed characterization
of dust emission features arising mostly from the inner
warm component, which is not the focus of this study,
so we do not include it in our SED. The contribution to
the flux density for the central star is also listed in the
table; it is from the model discussed in §2.
100 101
10−1
100
101
102
m
Jy
/a
rc
se
c2
NE
100 101
10−1
100
101
102
m
Jy
/a
rc
se
c2
arcseconds
SW
Figure 1. Radial profiles of the NE and SW sides of the disk
at 0.58 µm from HST/STIS. The gray region is the uncer-
tainty along the profiles. The outer edges of the profiles are
truncated by the field of view of STIS.
3.1. HST/STIS
β Pic was imaged with the STIS CCD in coronagraphic
(50CORON) mode under program GO-12551 (PI: Apai),
and the results of these observations were published in
Apai et al. (2015). The observing strategy used multi-
ple roll angles, various coronagraphic wedge positions,
and dedicated point-spread function (PSF) star obser-
vations to achieve very sensitive imaging of the disk in
scattered light, following the technique of Schneider et al.
(2014). The instrument bandpass is set by the response
of the CCD and centered at 0.58 µm. While these im-
ages achieve a small inner working angle, the field of
view of the instrument limited the detection of the disk
to r . 11′′ (210 au), well inside of its full extent.
We converted the star-subtracted disk image from
counts s−1 per pixel to mJy arcsec−2 using a conversion
factor of 4.55 × 10−7 Jy counts−1 s and the pixel size
of 0.′′05077 (Apai et al. 2015). An image of the uncer-
tainty in each pixel was also provided, and we extracted
the radial profile of the uncertainty using the same steps.
We combined this in quadrature with a calibration un-
certainty of 0.3% of the signal in the profile. The STIS
radial profiles for the NE and SW sides of the disk are
show in Figure 1.
3.2. HST/WFC3
4To detect the full extent of the disk’s halo component in
scattered light, we needed an image from an instrument
with a larger field of view than STIS. We searched the
HST archive and found previously unpublished observa-
tions of β Pic with the WFC3 instrument in the IR chan-
nel (filter F110W at ∼1.16 µm) from program GO-11150
(PI: Graham). We used the pipeline data products that
were processed by MultiDrizzle to correct for the geomet-
ric distortion inherent in the raw images. No dedicated
PSF star observations were taken with this instrument in
this program, but images at multiple telescope roll angles
were obtained, which we subtracted from each other to
remove the light from the central star. Four images were
available, each separated by 8◦ of rotation. We converted
the images from electron s−1 per pixel to mJy arcsec−2
using a conversion factor of 6.778× 10−8 Jy electron−1 s
(from the FITS file header) and the pixel size of 0.′′12.
To minimize self-subtraction of the disk signal and ex-
tract accurate radial profiles, we opted to use only the
two images with the largest difference in rotation angle
(24◦). These were data files ia1s70031 drz.fits and
ia1s73031 drz.fits. We put each image onto a grid of
pixels 10 times smaller than the native pixel size by cubic
interpolation with Matlab’s interp2 function. Promi-
nent PSF diffraction spikes in the images allowed us to
accurately align the centers of the images. We subtracted
the images and interpolated the difference image back
onto the native pixel scale. The result had both a posi-
tive and negative disk signal offset by 24◦, and is shown
in Figure 2. We extracted radial profiles of both disk im-
ages by rotating the difference image to orient each disk
horizontally. The final radial profile was the average of
these two profiles, and the uncertainty on the final pro-
file was the difference between them. To estimate the
amount of flux missing along our radial profiles due to
disk self-subtraction, we subtracted two model images
(after convolving with the WFC3 PSF, see §4) from each
other, rotated by 24◦. We then used the result to correct
our observed radial profiles. Beyond r > 3′′, where we
perform our fitting (see §6.1), this correction was rela-
tively small—smaller than our estimated uncertainties.
The profiles are shown in Figure 3.
Golimowski et al. (2006) presented scattered light pro-
files of this disk measured with the HST Advanced Cam-
era for Surveys (ACS). The shape and brightness of our
profiles were similar to their results. For a quantitative
comparison with the shape of the ACS data, we fit a
power law, S(r) ∝ rα, to the outer part (r > 10′′) of our
radial profiles. We found α = -3.5 and -4.0 for the NE
and SW sides, respectively, which agreed well with the
power law fits to the outer part of the (not deconvolved)
ACS data, as given in Table 3 of Golimowski et al. (2006).
Our power law fits are shown in Figure 3.
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Figure 2. The difference of two HST/WFC3 images with roll
angles separated by 24 degrees. The top panel shows the “pos-
itive” image (ia1s70031 drz.fits − ia1s73031 drz.fits),
where the bottom panel shows the “negative” image. The
black dotted lines locate the midplane of the disk from the two
images, along which we generated the radial profiles shown
in Figure 3. The color is the surface brightness in log scale.
In both images the SW side of the disk is up and to the left
and the NE side is down and to the right.
3.3. Spitzer/MIPS
The MIPS observations of β Pic were taken under the
Spitzer Guaranteed Time Observing Program 90 (PI: M.
Werner). The data at all three bands (24, 70, and 160
µm) are published here for the first time. PACS provided
a higher spatial resolution image in the far-IR than MIPS
(see §3.4), so we used the MIPS 70 and 160 µm data for
SED photometry points only (§3.3.2). The MIPS data
were processed using the Data Analysis Tool (Gordon
et al. 2005) for basic reduction. Additional reduction
steps, outlined below, were performed on individual ex-
posures which were then mosaicked into one combined
image with pixels half the size of the physical pixel scale.
3.3.1. 24 µm
Two sets of 24 µm observations were obtained. The
first set was obtained on 2004 March 20 using 4 sub-
pixel cluster positions with a 3 s exposure time and 1
cycle in the large-field photometry Astronomical Obser-
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Figure 3. The NE and SW radial profiles of the disk at 1.16
µm from the HST/WFC3 difference image shown in Figure
2. The final profiles (black lines) are the average of the two
profiles from the positive and negative images of the disk (dot-
ted red and blue lines). The gray regions are the uncertainty
along the profiles. The green lines are the power law fits to
the outer parts (r > 10′′) of the radial profiles, with indices
-3.5 and -4.0 for the NE and SW sides, respectively.
vation Template (AOT), resulting in a total of 120 s of
integration per pixel. The second set of data was ob-
tained on 2004 April 11 using two large cluster positions
with 3 s and 3 cycles in the large-field photometry AOT,
resulting in a total of 180 s of integration per pixel.
At 24 µm, the bright star amplified the “jailbar” ef-
fect, resulting in a striping pattern on each exposure.
This striping pattern was removed by subtracting me-
dian column offsets in individual exposures. Due to the
fine dither pattern in the large-field mode at 24 µm, the
bright source (near hard saturation) was exposed to a
similar part of the array in sequential exposures, result-
ing in a potential accumulation of latent images. Since
the image latent is flushed out after the bias boost (the
onset of an exposure), the data using the first difference
in an exposure has the least influence from image la-
tency. To test whether the image latency affected the
surface brightness distribution of the central data, we
generated two mosaics: one with only the first two dif-
ferences (short exposure) and the other with the entire
data (long exposure), and compared. The difference be-
tween the long and short mosaics was within the errors
of the observations. The final 24 µm combined image
used only the data obtained at the first epoch due to a
more uniform coverage in the mosaic.
PSF subtraction was used to remove the stellar con-
tribution to the image using the brightness of the star
predicted by our model of the stellar photosphere, as de-
scribed in §2. To model the MIPS 24 µm PSF, we used
the STinyTim software with the default throughput curve
and assumed a Rayleigh-Jeans source. Engelbracht et al.
(2007) showed that an STinyTim-produced PSF model
could be made more accurate by smoothing it with a
4.′′41 boxcar function. We achieved this by generating an
oversampled model with 0.′′245 pixels and then smoothed
it with an 18 pixel boxcar.
We converted the disk-only image from instrument
units of MIPS24 to mJy arcsec−2 using a conversion fac-
tor of 4.54×10−2 MJy sr−1 MIPS24−1 (Engelbracht et al.
2007). The pixel scale was subsampled to 1.′′245, half the
physical pixel size. An image of the uncertainty was de-
rived from the square root of the image in instrument
units with the same conversion factor applied, and a ra-
dial profile of the uncertainty was generated from this
image in the same manner as from the image of the sig-
nal. This uncertainty profile was combined in quadra-
ture with 4% calibration uncertainty (Engelbracht et al.
2007).
Figure 4 shows the MIPS 24 µm image (first panel),
the model PSF (second panel), and the residuals after in-
tentionally over-subtracting the PSF (scaled to the peak
brightness of the image) to clearly demonstrate that the
disk was resolved by these observations (third panel). In
the fourth panel of Figure 4 we show the image of the
disk with the signal from the star removed, from which
we generated the profiles used for our analysis (these are
shown in Figure 5). The first and fourth panels are quite
similar because the disk accounts for more than 95% of
the total 24 µm flux from the system.
In addition to radial profiles, we also measured the to-
tal flux density at 24 µm. Before color correction, this
was 7.45 Jy using a circular aperture with a radius of 81′′
(the maximum flux in the encircled energy method). We
applied a color correction of 1.056 (for a blackbody with
temperature of 100 K) to only the disk flux (7.13 Jy after
subtracting the expected stellar photospheric contribu-
tion of 318 mJy), yielding 7.53 Jy for the color-corrected
disk flux and 7.85 Jy for the color-corrected total flux.
We assumed a 5% uncertainty on this measurement. Al-
though the total 24 µm flux exceeded the saturation limit
(∼6 Jy for a point source at 3 s exposures), the data were
not (although close to) saturated because of the extended
structure. At this flux level, there was no significant
(∼0.3%) flux nonlinearity (Engelbracht et al. 2007).
3.3.2. 70 and 160 µm
Two sets of 70 µm observations were obtained. The
first set was obtained on 2004 April 12. Unfortunately
6the disk orientation was along the column direction of
the Ge:Ga detector, resulting in much lower sensitivity
in the extended disk region. The second set was obtained
on 2005 April 4 using 3 cluster positions with 10 s ex-
posure times and 1 cycle in the large-field photometry
AOT (a total exposure of ∼600 s per pixel). The 160
µm observation was performed on 2004 February 21 us-
ing 7 cluster positions each with 3 s exposure times and
3 cycles in the large-field photometry AOT, resulting in
a total of 45 s per pixel.
The 70 µm data reduction followed the steps recom-
mended by Gordon et al. (2007) using time filtering with
the source region masked out to avoid filtering out the
signal. Several region sizes were tried, and an ellipse with
a semimajor radius of 116′′ and a semiminor radius of 74′′
along the disk midplane (roughly covering the area of the
1-σ detection boundary in the final mosaic) gave a min-
imum value in background variation. The final 70 µm
mosaic used only the data obtained with 10 s exposures
(second epoch).
No special steps were performed for the 160 µm data,
and all the exposures were combined based on the WCS
information. No leak subtraction was required at 160
µm. It has been shown that the ghost image produced
by the 160 µm filter leakage was less than ∼15 times of
the photospheric value at 160 µm, whereas the disk was
expected to be ∼500 times brighter than the expected
photospheric value.
The calibration factors we used to transfer the in-
strument units to physical units were 702 MJy sr−1
MIPS70−1 (Gordon et al. 2007) and 41.7 MJy sr−1
MIPS160−1 (Stansberry et al. 2007) for the 70 and 160
µm data, respectively.
At 70 µm, nonlinearity begins to affect the data when
a source is brighter than ∼1 Jy (Gordon et al. 2007),
and this nonlinearity becomes apparent for a given pixel
when its value is ≥0.2 MIPS70 (140.4 MJy sr−1). This
effect had a significant impact on the observed 70 µm
disk surface brightness distribution as the central 3×3
pixels had values greater than 0.2 MIPS70. We com-
pared the imaging data with the integrated flux in the
MIPS-SED data, which was presented by Su et al. (2015).
Even though the MIPS-SED observations were obtained
with the same detector, the data were unlikely to be in
the nonlinear regime because each pixel received less flux
due to the dispersive nature of the spectrograph. The
MIPS-SED data were taken at three slit positions that
covered the NE, center, and SW parts of the disk. Us-
ing the non-aperture-corrected MIPS-SED spectra, the
integrated flux density in each of the slit positions was
2.3, 7.0, 2.3 Jy for the NE, center, and SW positions,
respectively. Using the 70 µm imaging data, the total
flux density within rectangular apertures of 20′′× 50′′
was 2.1, 4.4 and 2.1 Jy for the NE, center, and SW po-
sitions, suggesting a ∼60% and ∼9% flux deficit in the
central and side regions of the image. After applying a
flux nonlinearity correction (K. Gordon et al. 2009, pri-
vate communication), the corrected 70 µm image gave
2.5, 7.5, and 2.5 Jy for the NE, center, and SW posi-
tions. These values agree with the MIPS-SED data to
within 10%.
We measured the broadband 70 µm flux of β Pic on
the flux-nonlinearity-corrected image using the encircled
energy method. The total flux density in the 70 µm band
was 16.93 Jy using a circular aperture with radius of 125′′
before color correction. The expected stellar photosphere
was 32 mJy at 70 µm, suggesting a total disk flux of 18.05
Jy after a color correction of 1.066 (assuming a blackbody
of 100 K) with an assumed 10% error. This value agreed
well with the color-corrected IRAS 60 µm measurement,
and was slightly higher than the PACS flux at 70 µm.
The total flux density in the 160 µm band was 3.6 Jy
using an elliptical aperture with semimajor radius of 112′′
and semiminor radius of 79′′ (covering the area within the
1-σ detection level) before color correction. The ghost
image due to the 160 µm filter leak was estimated to
contribute <3% of the total flux (less than the calibra-
tion error); therefore, no correction was attempted. The
total disk flux in the 160 µm band was 3.65 Jy after
a color correction of 1.014 with an assumed 20% error.
This agreed well with ISO point at 170 µm, but was
somewhat lower than the PACS flux at 160 µm (these
three measurements agreed to within 3σ, however).
3.4. Herschel/PACS at 70 µm
PACS 70 µm scan map observations of β Pic (PI G.
Olofsson, observation IDs 1342186612 and 1342186613)
were published by Vandenbussche et al. (2010). We used
the Standard Product Generation (SPG) v12.1 level 2.5
corrected MadMap image (a combination of the scan
and cross-scan observations) from the Herschel Science
Archive. We subtracted a constant background value of
1.3 mJy pixel−1 from the image, which was taken to be
the median of the pixel values for three regions of the
image away from the disk. We converted the units from
Jy pixel−1 to mJy arcsec−2 using the pixel size of 1.6
arcsec. The star contributes a negligible amount of flux
compared to the disk, so we did not perform PSF sub-
traction on this image. The uncertainty on the radial
profile was a sum in quadrature of three components:
0.23 mJy pixel−1 estimated from the error image sup-
plied by the pipeline processing, 0.19 mJy pixel−1 from
the median of the standard deviations of the three regions
of the original image used to estimate the background,
and a 10% calibration error on the disk profile signal
(Poglitsch et al. 2010). The radial profiles are shown in
Figure 6. Our profiles agreed with those presented in
Vandenbussche et al. (2010).
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Figure 4. The first panel shows the Spitzer/MIPS image of the β Pic system at 24 µm prior to subtracting the signal from the
star. The image is clearly elongated in the NE-SW direction (N is up, E is left), which agrees with the known orientation of the
disk. The extension of the observed morphology is clear when comparing the image with the instrument PSF (second panel),
which does not exhibit any elongation. We intentionally over-subtracted the PSF model (scaled to match the peak brightness
of the observed image) from the observed image, and the result (the third panel) shows residual structure along the orientation
of the disk, further confirming that the disk is resolved. In the fourth panel we show the image of the disk with the signal from
the star removed and rotated to orient the disk horizontally. The disk accounts for more than 95% of the total 24 µm flux from
the system, so this disk-only image looks very similar to the image prior to star-subtraction. The color scale in all four images
gives the surface brightness (mJy arcsec−2) on a log scale.
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Figure 5. The radial profiles of the disk at 24 µm. The gray
region is the uncertainty along the profiles. The dashed lines
shown the profile of the instrument PSF, scaled to the same
peak value as the data’s profile.
3.5. ALMA
We used the ALMA 870 µm continuum image pre-
viously published by Dent et al. (2014). The image
had pixels of size 0.′′1. We converted the image from
Jy per beam to mJy arcsec−2 using a beam area of
1.133× bmaj× bmin where bmaj = 0.′′709 and bmin = 0.′′556
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Figure 6. The radial profiles of the disk from Herschel/PACS
at 70 µm. The gray region is the uncertainty along the pro-
files.
are the FWHM of the Gaussian beam major and mi-
nor axes, respectively (Dent et al. 2014). The star con-
tributes a negligible amount of flux compared to the disk
at this wavelength. We created an uncertainty image by
combining 0.061 mJy rms uncertainty and 10% calibra-
tion uncertainty in quadrature and then extracted the
uncertainty radial profile from this image. The profiles
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Figure 7. The radial profiles of the disk from ALMA at 870
µm. The gray region is the uncertainty along the profiles.
are shown in Figure 7.
4. MODEL IMAGES
In this section we describe how we generated model
debris disk images. The specific sets of models are dis-
cussed in subsequent sections. As mentioned previously,
we focused our modeling effort on the parent body belt
and halo components of the disk. We generated model
images of these two components separately, and because
the disk is optically thin, we could simply sum them to-
gether during the fitting process. Each component was
modeled as a wedge-shaped1 disk extending between in-
ner and outer radial boundaries rin and rout. The num-
ber density of grains in the disk varied as a power law
with both stellocentric radius and grain size (radius of a)
as n(r, a) ∝ r−pa−q, and the grain size distribution was
bounded by amin and amax.
We used the code dustmap v.3.1.1 (Stark 2011) to
generate model disk images in both thermal emission
and scattered light. The disk geometry was input into
dustmap by specifying the Cartesian coordinates of the
desired dust distribution. We setup our model space with
the star at the origin, the x coordinate to the right, the
y coordinate away from the viewer, and the z coordinate
1 We set the half-opening angle of the wedge disk to 4◦, de-
termined by comparing vertical cuts of the WFC3 images with
vertical cuts of model images made with a range of opening angles.
We assumed the parent body and halo components had that same
half-opening angle.
up. Our models were seen perfectly edge-on, i.e. i = 90◦
with the midplane of the disk in the xy plane.
We populated each model disk with grains equally
spaced in Cartesian space within the defined wedge-
shaped disk. The desired pixel size of the model images
was 0.′′05 in order to be as small as the smallest pixels in
our data images (STIS). The spacing of model particles
in Cartesian space was set to be the same as the pixel
size (0.97 au), with the particles arranged to be located
at the center of each pixel in the image plane. We set the
field of view of the model image to be a square extend-
ing just to the outer edge of the disk. As the number of
pixels spanning the field of view must be an integer, the
final size of the model pixels differed very slightly from
0.′′05.
Each model particle was assigned an “intensity” value,
allowing the particle to represent this number of phys-
ical dust grains. We used intensity values to imple-
ment the radial variation in grain number density where
r =
√
x2 + y2. dustmap can create a series of model
images—each assuming the grains are all of a single
size—and then sum the images together with relative
“scaling” values; we used this feature to implement the
grain size distribution. For both halo and parent body
models, the grain size distribution was sampled with
50 values distributed logarithmically between amin and
amax. We scaled each model image to represent a disk
with a mass of 10−10M (3.33× 10−5M⊕).
The dust composition entered the model via the op-
tical constants of the material, which are the real and
imaginary components of its index of refraction, given
by n(λ) and k(λ). From the optical constants, dustmap
used Mie theory to compute the absorption and scatter-
ing efficiency factors and the scattering phase function of
the dust grains when generating model images. We did
not calculate the thermal emission contribution to the
models at 0.58 and 1.16 µm, nor did we include the scat-
tered light contribution to the model images at 24, 70,
and 870 µm; the omitted components contribute negligi-
bly to the total outputs at these wavelengths. dustmap
model images were produced in Jy/pixel, which we con-
verted to mJy arcsec−2 using the size of the model pixels.
In practice, we generated each model image in pieces
to use computer resources more efficiently, taking advan-
tage of symmetries afforded by assuming the disk was
perfectly edge-on. We first modeled the region x > 0,
y > 0, and z > 0, and also split the x range into two sub-
models. Combining these two sub-model images yielded
one octant of the disk (the “back” side of one quadrant
of the disk). Thermal emission is radiated isotropically,
so for thermal models we doubled this image to model
one quadrant of the disk. For the scattered light models,
the “front” side (y < 0) of that quadrant was modeled
separately, then the back and front pieces were added
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Table 1. Broadband SED Photometry Data at Wave-
lengths Dominated by the Outer Disk Components
λ (µm) Total Fν (Jy) Error Fν (Jy) Star Fν (Jy) Excess Fν (Jy) Instrument Ref.
18.30 4.316 0.432 0.498 3.818 TReCS 2
23.67 7.847 0.392 0.318 7.529 MIPS 1
24.60 8.807 0.881 0.296 8.511 TReCS 2
25.00 10.200 2.000 0.288 9.912 ISO 3
25.00 10.072 1.007 0.288 9.784 IRAS 4
60.00 18.500 3.700 0.046 18.454 ISO 3
60.00 18.930 1.893 0.046 18.884 IRAS 4
70.00 16.000 0.800 0.034 15.966 PACS 5
71.42 18.048 1.805 0.032 18.016 MIPS 1
100.00 10.576 1.058 0.016 10.560 IRAS 4
100.00 9.800 0.500 0.016 9.784 PACS 5
155.89 3.650 0.730 0.007 3.643 MIPS 1
160.00 5.100 0.500 0.006 5.094 PACS 5
170.00 4.100 0.800 0.006 4.094 ISO 3
250.00 1.900 0.100 0.003 1.897 SPIRE 5
350.00 0.720 0.050 0.001 0.719 SPIRE 5
500.00 0.380 0.030 0.001 0.379 SPIRE 5
850.00 0.058 0.006 0.000 0.058 SCUBA 6
870.00 0.075 0.037 0.000 0.075 APEX 7
870.00 0.060 0.006 0.000 0.060 ALMA 8
1200.00 0.036 0.010 0.000 0.036 SIMBA 9
References— (1) This work (2) Telesco et al. (2005) (3) Heinrichsen et al. (1999) (4) IRAS Faint Source Catalog (color-
corrected values) (5) Vandenbussche et al. (2010) (6) Holland et al. (1998) (7) Nilsson et al. (2009) (8) Dent et al. (2014) (9)
Liseau et al. (2003)
together. Finally, the quadrant model was mirrored over
the x and z axes to yield a model image of the full disk.
To compare the model images with the observations,
we convolved our models with a model PSF appropri-
ate for each instrument. We used the TinyTim software
(Krist et al. 2011) to generate model PSFs for the two
HST images. For the STIS PSF, we used λ=0.58 µm,
a model diameter of 10′′, 0 defocus, and no oversam-
pling. For the WFC3 PSF we used the source spectrum
of an A5 star, a model diameter of 10′′, and 0 defocus.
We selected the undistorted model, as the data products
we used were corrected for the distortion in this instru-
ment. We kept the default orientation of the HST model
PSFs because our images from these instruments were a
product of multiple disk orientations. The MIPS 24 µm
PSF was made using STinyTim as described previously
in §3.3.1, except now assuming the source was a 100 K
blackbody. We used PSF models for PACS at 70 µm
derived from observations of Vesta taken with the same
scan speed (slow) as our image of β Pic.2 The ALMA
PSF was modeled as an elliptical 2D Gaussian function
with FWHM major and minor axes of 0.′′709 and 0.′′556.
2 Specifically, we used psf20 blu 10 vesta od160 ama+63.fits.
Files and documentation for this PSF are found at
https://nhscsci.ipac.caltech.edu/sc/index.php/Pacs/PSFs
Before convolving with the model images, the MIPS,
PACS, and ALMA PSFs were rotated to the same rel-
ative orientation with the disk midplane as in the ob-
served data sets. We placed the model image onto the
same pixel grid as the PSF model by linear interpolation
in log space using MATLAB’s interp2 function, then we
performed the convolution of the two images with MAT-
LAB’s conv2 function. Finally, the convolved model im-
age was interpolated onto the pixel scale of the observed
image, and a radial profile was extracted using the same
method as was used for the data (described in §3). Be-
cause the models were axisymmetric and we fit to each
side of the observed disk separately, we only used half of
each model radial profile.
The widths of the strips used to make the radial pro-
files were chosen to capture the majority of the flux along
the midplane of the disk. The disk was unresolved in the
vertical direction by MIPS and PACS, so the strip widths
were set to & the FWHM of these instruments’ PSFs. To
be symmetric, the strip widths needed to be an odd num-
ber of pixels: 5 pixels (6.′′225) for MIPS and also 5 pixels
(8′′) for PACS. The HST images did resolve the vertical
extent of the disk, and to guide our choice of strip width
we examined the model images (which had a vertical ex-
tent set to match the observed disk in scattered light).
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The images were brightest along the midplane and be-
came much fainter above and below the midplane. For
the halo images, the full width of the bright region was
∼1.′′3 at r = 10′′. Thus, we used strip widths of 25 pixels
(1.′′27) for STIS and 11 pixels (1.′′32) for WFC3. As we
will show, the ALMA data trace the parent body com-
ponent. Our parent body models had a bright midplane
region with a full width of ∼0.′′5 (at r = 4′′). This is also
approximately the resolution of these ALMA data, so we
used a strip width of 5 pixels (0.′′5).
5. THE DUST SPATIAL DISTRIBUTION
The first step in our characterization of the β Pic de-
bris disk was to model its spatial properties, specifically
rin, rout, and p for both the halo and parent body com-
ponents (recall that n(r, a) ∝ r−pa−q). Because we pos-
sessed well-resolved images of the disk, we could deter-
mine these parameters independently of the grain prop-
erties. Once the spatial parameters were measured, we
kept them fixed while modeling the grain properties, as
described in the next section.
At sub-mm wavelengths, the small dust grains that
likely constitute the halo component emit very ineffi-
ciently and the large grains in the parent body com-
ponent dominate the signal. Thus, we could constrain
the spatial properties of the parent body component by
modeling the ALMA image. We performed this fit with
a grid search across the parameters of interest, and the
results are shown in red in Figure 8. We generated mod-
els with rin ranging from 35 to 70 au, rout from 130 to
170 au, and p from 0 to 2.0. For the spatial fitting, the
grain properties were fixed at amin = 5 µm, amax = 5000
µm, q = 3.65, and a composition of astronomical sili-
cates (Draine 2003). We also varied the amplitude of the
model over a large range of values. For each set of model
parameters, we calculated the χ2 goodness of fit between
the model and observed radial profile. For the NE side,
the best fit model had rin = 45 au, rout = 150 au, and
p = 0.5. The variable rout was fairly well constrained
by these data, whereas rin and p were not as well con-
strained. For the SW side, we thus tried using the same
rin and p as found for the NE side, but allowing rout to
vary. This yielded a very good fit with rout = 155 au.
We conclude that the parent body component does not
show any prominent asymmetries in terms of these pa-
rameters. Our values of rin and rout agree well with the
analysis by Dent et al. (2014) who modeled these data
with concentric dust annuli (see their Figure 3C).
With the spatial properties of the parent body com-
ponent fixed, we next addressed the halo. Because
the grains in the halo are thought to be generated by
collisions in the parent body belt, we used the same
rin for both components. Unlike the ALMA data, the
WFC3, MIPS, and PACS radial profiles showed no sharp
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Figure 8. Constraints on the spatial parameters of the two
disk components. The red curves show constraints on the
parent body component from the ALMA data. All three spa-
tial parameters were constrained for the NE side, while for
the SW side we assumed the same rin and p as the NE side
but independently constrained its rout. The blue curves show
the constraints on the halo p parameter for the NE and SE
sides from the WFC3 data.
truncation—the flux from the disk was simply lost in the
noise at the outer edge. The PACS data showed signal
to the largest radius, so we used these data to constrain
rout. We found rout ≥1800 au for both the NE and SE
sides, which was consistent with the detection of the disk
to 1835 au by Larwood & Kalas (2001). To measure p, we
used the WFC3 data because the shape of the WFC3 pro-
files were not significantly influenced by the instrument
PSF. To ensure that we modeled only the halo compo-
nent, we fit to the portion of the radial profile for r > 8′′
(>155 au). We fixed the grain properties to amin = 0.1
µm, amax = 5 µm, q = 3.65, and a composition of astro-
nomical silicates. We found best fit p values of 2.4 for
the NE side and 3.1 for the SW (see the blue curves in
Figure 8).
As a check of our best fit halo p values, we used the
relation from Strubbe & Chiang (2006) for an edge-on
disk that α = γ − η − 1, where α is the observed surface
brightness power law exponent, γ is the disk surface den-
sity power law exponent, and η describes the opening of
the disk as h = rη. For our wedge-shaped models, η = 1.
Also, γ = −p + η, so α = −p − 1. Thus, our measured
α values of -3.5 and -4.0 from §3.2 predicted p values
of 2.5 and 3.0 for the NE and SW sides, which agreed
with what we found from model fitting. According to
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Strubbe & Chiang (2006), a collision-dominated halo has
α = −3.5 while a drag-dominated halo has α = −4.5. β
Pic’s NE side agreed with the collision-dominated case,
whereas the SW side fell between the two cases.
In summary, we found the following spatial parame-
ters. For the NE side of the disk rin = 45 au, the parent
body rout = 150 au, the parent body p = 0.5, the halo
rout = 1800 au, and the halo p = 2.4. For the SW side the
spatial parameters were the same except that the parent
body rout = 155 au and the halo p = 3.1.
After successfully modeling the dust composition with
a mixture of common materials (§6.4), we fit the spatial
parameters again, this time using the grain composition
and size parameters of that best fit model. The results
agreed with spatial parameters we found here when as-
suming the dust consisted purely of astronomical sili-
cates.
6. THE DUST COMPOSITION
With the spatial parameters of the halo and parent
body components determined, we next constrained the
grain sizes and compositions by fitting models to our five
images of the outer disk simultaneously. We performed
our fitting only on the NE side, then checked if the same
dust composition could also fit the SW side data (§A.1).
In Section 6.2 we show that the data cannot be repro-
duced with grains consisting entirely of astronomical sil-
icates. In Section 6.3 we find that a relatively good fit
to the data can be obtained with a simple parametrized
model for the dust optical constants. Then, in Section
6.4 we find a good fit to our data with grains consisting
of a mixture of common materials and derive significant
constraints on the allowed grain composition. We begin,
however, in the next section with a description of our
model-fitting procedure.
6.1. Fitting Procedure
In principle, there were six parameters describing the
grain sizes: amin, amax, and q for both disk components;
however, before fitting we used physical arguments to
narrow these to four free parameters. The largest par-
ticles in the parent body component were the planetesi-
mals that resupply the dust through collisions. However,
the total surface area in these large bodies was small,
so their contribution to the observed signal was insignif-
icant. Thus, we set amax of the parent body component
to 5000 µm, an arbitrary but sufficiently large value so
the emission from grains larger than this does not con-
tribute significantly to the total. The dust in the halo
consisted of the smallest grains generated by the par-
ent body collisional cascade—the grains small enough
to have their orbits perturbed by the stellar radiation
force. To model this, we defined the “transition” grain
size, atran, as a free parameter and set amin of the parent
body component and amax of the halo component to this
value. Therefore, the halo and parent body components
overlapped spatially (they had the same rin) but were
segregated by grain size.
In addition to the grain size parameters (halo amin,
atran, halo q, and PB q), the dust masses of each com-
ponent, MPB and Mhalo, were also free parameters. Be-
cause debris disks are optically thin at all wavelengths,
the final radial profile model that we compared to the
data was the linear combination of the parent body
and halo model profiles. The amplitudes of the two
model components were directly proportional to MPB
and Mhalo. Although we fit to only one side of the disk,
these masses refer to the total mass of the model disk
components (both sides). Finally, there were the free
parameters describing the dust composition, which were
specific to the analyses described in the following sec-
tions.
We performed our fitting with a grid search, populating
a chi-squared matrix for each of the five images, with one
dimension of the matrix for each free parameter. We then
combined these matrices according to
χ2 =
1
5
∑
I
χ2I
min (χ2I)
, (1)
with I representing each of the five images. We normal-
ized the matrix from each image by the χ2 value of the
best fitting model to that image in an attempt to weight
the contribution from each of the five images equally.
To find the constraints on a given free parameter, we
stepped that parameter over its range of values, and at
each point we searched the χ2 matrix for the minimum
over every combination of the other parameters.
For the fitting described in the following sections, we
fit the radial profile outwards of 3′′ because in the WFC3
image the flux measured near the star was more likely to
have been artificially reduced due to self-subtraction of
the disk. This also minimized the influence of the rin
spatial parameter on the fits, which was not well con-
strained. The outer edge of the fitting was specific to
each band.
6.2. Results with 100% Astronomical Silicates
Many previous studies of debris disks—both analyses
of images and SEDs—simply assumed the dust was com-
posed entirely of astronomical silicates (e.g. Krist et al.
2010; Golimowski et al. 2011; Ertel et al. 2011). “Astro-
nomical silicates”, however, is not well-defined material,
rather it is a set of optical constants resembling silicates
that has been optimized to reproduce the ISM UV extinc-
tion curve. The latest version of these optical constants
is given by Draine (2003). It was, nevertheless, useful
to model the β Pic disk with these optical constants, as
doing so allowed us to compare our results more directly
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with those from other studies. Furthermore, there may
be no clear superior alternative to astronomical silicates.
Debris disks almost certainly do have a significant sili-
cate component to their composition, as shown by the
detection of the distinctive emission feature at ∼10 µm
in the Spitzer/IRS spectra of many debris disks (Baller-
ing et al. 2014; Mittal et al. 2015), including the inner
warm component of the β Pic disk (Knacke et al. 1993;
Chen et al. 2007). However, a precise laboratory analog
to the silicates in debris disk dust—and a set of associ-
ated optical constants spanning the UV to the mm—is
not known.
We performed the fitting while varying the grain size
parameters over the following values: halo q = [3, 4],
halo amin = [0.1, 0.5] µm, and atran = [2, 5] µm. The-
oretical examinations of collisional cascades show that q
= 3.65 (Ga´spa´r et al. 2012), so we adopted this for the
parent body component. The best fit was obtained with
amin = 0.1 µm, atran = 5 µm, and halo q = 3. However,
as shown in Figure 9, this model did not achieve a good
fit to all of the images. Specifically, the halo component
(which provided the link between the thermal and scat-
tered data) was fit well to the WFC3 data, but the model
was too faint for the MIPS and PACS thermal emission
data (and also somewhat too bright at the shorter wave-
length STIS scattered light data). This was consistent
with the mismatch between the scattered light and ther-
mal emission found in attempts to model other debris
disks with astronomical silicates—the model, when fit to
the thermal data, was too bright compared to the scat-
tered light observations.
6.3. Results with Generic Optical Constants
When modeling the dust composition, one is funda-
mentally manipulating the optical constants, and it is
possible that there are degeneracies in this procedure—
different mixes of grain compositions might produce sim-
ilar optical constants and thus similar fits to broad-band
data. We therefore start the discussion of optimizing the
fit to β Pic by considering the optical constants them-
selves. We generated “generic” optical constants with
only a few free parameters roughly modeled after astro-
nomical silicates. The imaginary component, k(λ), of
astronomical silicates shows two broad maxima with a
trough between, and goes to zero outside the maxima.
We modeled this behavior with the piecewise step func-
tion
k(λ) =

0 λ < 0.05µm
k1 0.05µm < λ < 0.2µm
k2 0.2µm < λ < 8µm
k3 8µm < λ < 1000µm
0 λ > 1000µm
. (2)
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Figure 9. The best fit model compared with the five data
sets for the NE side of the disk, assuming a composition of
100% astronomical silicates. This illustrates that models with
this composition cannot simultaneously fit both the thermal
and scattered light data. For example, the model prediction
lies above the STIS profile but below those from MIPS and
PACS. The black lines are the data, the green lines are the
parent body model, the blue lines are the halo model, and
the dashed red lines are the total model. The vertical dashed
lines show the range of data to which the model was fit.
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We derived n(λ) from k(λ) using the Kramers-Kronig
relation
n(ω) = 1 +
2
pi
∫ ∞
0
Ωk(Ω)
Ω2 − ω2 dΩ, (3)
where ω = 2pic/λ. When evaluating Equation (3) numer-
ically, we avoided the singularity by splitting the integral
into two pieces, Ω < ω and Ω > ω, then summed the re-
sults. Negative values of n(λ) sometimes arose from this
procedure at the wavelengths where k(λ) was discontin-
uous; we removed these negative values from the optical
constants before passing them to the modeling code.
We assumed both components had the same composi-
tion, as the grains in the halo are generated from colli-
sions in the parent body belt. We again fit to the five
radial profiles, using the grain size parameters of the best
model from the previous section (halo amin = 0.1 µm,
atran = 5 µm, halo q = 3, and PB q = 3.65). We allowed
k1, k2, and k3 each to take the values [0.1, 0.6, 1.2]. We
found that the best fit model had k1 = 0.6, k2 = 0.1,
and k3 = 0.1. The best model is compared with the five
data sets in Figure 10, showing that varying the optical
constants can significantly improve the fits, even with a
very simple prescription for their form.
6.4. Results with Mixtures of Common Materials
We now model the disk by mixing the optical con-
stants of known materials. In principle, a broad variety
of mixtures of materials might be able to approximate
the desired optical constants, so we must use other con-
straints to guide the assumed grain composition. We
kept the number of constituent materials to a minimum
while still accounting for the primary types of materials
expected. Johnson et al. (2012) simulated the forma-
tion of planetesimals in the outer parts of protoplane-
tary disks of various C/O ratios, redox conditions, and
temperatures. While the exact compositions of the re-
sulting planetesimals depended on these disk parameters,
the most common materials were always refractory sili-
cates and metals, water ice, and simple carbon-bearing
compounds that existed as ices or were trapped in the
water ice as clathrates. These carbon-bearing ices and
clathrates can be transformed into refractory complex
organic material (sometimes called “ice-tholins”) by ex-
posure to UV radiation or cosmic rays (Khare et al. 1993;
McDonald et al. 1996; Materese et al. 2014). This pro-
cessing makes the material darker (lower albedo) and red-
der. Refractory organics are invoked to explain the low
albedo and red color of some objects in the outer solar
system (Cruikshank et al. 2005).
We therefore proceeded with four materials: astronom-
ical silicates with optical constants from Draine (2003),
water ice with optical constants from Li & Greenberg
(1998), refractory organic material with optical constants
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Figure 10. The best fit model compared to the five data sets
using generic optical constants. This shows a much better fit
compared to Figure 9, illustrating the potential for improving
the fitting by modifying the optical constants, even using a
very simple model to do so. The black lines are the data,
the green lines are the parent body model, the blue lines are
the halo model, and the dashed red lines are the total model.
The vertical dashed lines show the range of data to which the
model was fit.
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Figure 11. The χ2 curves (normalized to the value of the best model) for fitting the dust composition with a mixture of common
materials. The thick lines give the best χ2 values allowing all other parameters to vary. In the dust mass plot, the blue and
green curves represent the halo and parent body models, respectively. The 24 thin lines in the top four plots are the curves
with each combination of values of the grain size parameters (amin, atran, halo q, PB q) fixed. This shows that the conclusions
about grain composition do not depend strongly on the grain size parameters; that is, a mixture of astronomical silicates and
organic refractory material with little to no ice or vacuum is favored regardless of the choice of amin, atran, halo q, or PB q.
from Li & Greenberg (1997), and vacuum (to model grain
porosity) with n=1 and k=0 at all wavelengths. There
are multiple sets of optical constants available for both
water ice and organics (e.g. see Table 4 of Rodigas et al.
(2015)). We selected these specific constants because
they had been used previously by Li & Greenberg (1998)
to model β Pic’s mid-IR spectral features. The grain den-
sities were 2.7 g/cm3 for the astronomical silicates (as is
commonly assumed), and 1.2 and 1.8 g/cm3 for the ice
and organics, respectively (Li & Greenberg 1998).
The mixing of these component materials was
parametrized by the volume fraction of each material,
fsil, fice, forg, and fvac with the sum of these fractions
equal to unity. We derived the composite optical con-
stants using the Bruggeman mixing rule,∑
j
fj
j − av
j + 2av
= 0, (4)
where  = 1 + i2 is the complex dielectric constant, av
is the dielectric constant of the combined material, and j
represents the materials to be combined. The dielectric
constant is related to the optical constants by
1 = n
2 − k2, (5)
2 = 2nk, (6)
n =
1√
2
√√
21 + 
2
2 + 1, (7)
and
k =
1√
2
√√
21 + 
2
2 − 1. (8)
Note that 1, 2, n, and k are functions of wavelength.
Fitting the grain properties with these optical con-
stants involved 10 free-parameters: the halo’s amin, atran,
the halo q, the PB q, fsil, fice, forg, fvac, MPB, and Mhalo.
Figure 11 summarizes the results of this fitting with
a subplot for each free parameter. The x axis of each
subplot shows the range of values we modeled. The y axis
shows the projection of the combined χ2 matrix onto this
parameter—that is, the minimum χ2 value found in the
matrix while holding this parameter to the given value.
This was then normalized to the χ2 value of the overall
best fit.
We found that a mixture of silicates and organics was
preferred, while water ice and vacuum were not favored.
The parameters of the best fit model are summarized in
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Table 2. Properties of the
Best Fit Model (of the NE
side)
Parameter Value for Best Model
rin 45 au
halo rout 1800 au
PB rout 150 au
halo p 2.4
PB p 0.5
halo amin 0.1 µm
atran 5 µm
PB amax 5000 µm
a
halo q 3
PB q 3.65
fsil 0.6
fice 0
forg 0.4
fvac 0
Mhalo 1.13 ×10−2M⊕
MPB 7.49 ×10−2M⊕
aThis value was fixed prior to fit-
ting.
Table 3. Optical Con-
stants of the Best Fit
Model (60% Astronom-
ical Silicates, 40% Or-
ganic Refractory Mate-
rial)
λ (µm) n k
0.091 1.4061 0.8523
0.092 1.4268 0.8566
0.093 1.4468 0.8577
0.094 1.4667 0.8579
0.096 1.4871 0.8574
0.097 1.5092 0.8546
0.098 1.5289 0.8502
0.099 1.5474 0.8458
0.100 1.5676 0.8408
0.101 1.5888 0.8348
Note—Table 3 is pub-
lished in its entirety in
the electronic edition of
the Astrophysical Jour-
nal. A portion is shown
here for guidance re-
garding its form and
content.
Table 2. Figure 12 shows that the best fit model radial
profiles match all five data sets well. The optical con-
stants for the best fitting model are shown in Figure 13,
along with the constants of the three constituent mate-
rials and the best fitting generic optical constants model
we derived in §6.3. We also provide the optical constants
for our best fit composition in Table 3.
Although we only used two or three values for each
of the grain size parameters, our best fit model agreed
well with the data, so trying additional values of the
5 10
10−1
100
101
m
Jy
/a
rc
se
c2
STIS
10 50
10−3
10−1
101
m
Jy
/a
rc
se
c2
WFC3
10 100
10−2
100
102
m
Jy
/a
rc
se
c2
MIPS
10 100
10−2
100
102
m
Jy
/a
rc
se
c2
PACS
5 10
10−2
10−1
100
101
m
Jy
/a
rc
se
c2
arcseconds
ALMA
Figure 12. The best fit model with a dust composition of 60%
astronomical silicates and 40% refractory organics provides a
good fit to all five data sets (NE side of the disk). The black
lines are the data, the green lines are the parent body model,
the blue lines are the halo model, and the dashed red lines
are the total model. The vertical dashed lines show the range
of data to which the model was fit.
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Figure 13. The optical constants for our best fit model (60%
astronomical silicates and 40% refractory organics), in addi-
tion to the optical constants of the three constituent materials
we used and the best fitting generic constants.
grain size parameters was not justified considering our
aim was to constrain the composition. Furthermore, as
shown by the thin colored curves in the top panels in
Figure 11, the general result for the grain composition—
a mixture of astronomical silicates and organic refractory
material with little to no ice—did not depend on the
specific choice of grain size parameters.
6.5. SED
For an important check on our best fit model, we com-
pared it to the full-disk thermal SED of the disk at λ & 20
µm where the flux from the outer components was dom-
inant over the flux from the inner components.
To generate SED models, we first computed the dust
temperature as a function of grain size and location from
amin to amax and from rin to rout by equating the energy
absorbed from stellar radiation (given by the model in §2)
with the emitted thermal energy. We computed the ab-
sorption efficiency, Qabs(λ, a), with the code miex (Wolf
& Voshchinnikov 2004) using the given optical constants.
The final SED was found by summing the contribution
from grains of each size at each location, according to the
model disk geometry and n(r, a). The results of our pro-
cedure to generate SEDs agreed very well with the total
flux in the thermal emission model images generated by
dustmap.
The best fit model SED is shown in Figure 14. Al-
though our model slightly under-predicted the data at
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Figure 14. The thermal SED of our best fit model, compared
with the data given in Table 1. The fit is good and provides
a valuable confirmation of the model.
λ ∼ 70 µm, overall our model fit the data very well,
supporting the application of the model at additional
wavelengths.
The sub-mm slope of the SED is sensitive to the grain
sizes of the parent body component. Vandenbussche
et al. (2010) examined the sub-mm slope of the β Pic
SED and concluded that the grain size distribution was
shallower than predicted by a steady state collisional cas-
cade. However, our best fit model has q = 3.65 for the
parent body component, as predicted for a collisional
cascade.
In addition to the SED, we present three more com-
parisons with other data sets in the Appendix. These
include the SW side of the disk (our fitting was only to
the NE side), T-ReCS disk profiles in the mid-IR, and
measurements of the disk’s scattered light color. In all
three cases, our model agrees satisfactorily with the ad-
ditional data set.
7. DISCUSSION
7.1. Sub-blowout Grains
To find the blowout size predicted for the best fit model
we found in §6.4, we calculated the ratio of the radiation
force to the gravitational force on a grain,
β =
3L?
16piGM?acρ
∫∞
0
Qpr(λ, a)Fλ?(λ) dλ∫∞
0
Fλ?(λ) dλ
, (9)
where ρ is the grain density and Qpr(λ, a) is the radi-
ation pressure efficiency for a grain of radius a com-
puted from the optical constants using the code miex
(Wolf & Voshchinnikov 2004). The blowout size occurs
where β=0.5, with smaller grains (having larger β) being
blown out. For the composition of our best fit model, the
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blowout size was 2.7 µm, which was between our best fit
amin and atran values. That is, our best fit halo model
consisted of a mixture of sub-blowout grains in the pro-
cess of leaving the system plus barely bound grains on
elliptical orbits.
One might expect that grains smaller than the blowout
size would be depleted because they leave the system on
short timescales. To test whether such a depletion was
favored, we re-ran our fitting procedure (using the same
mixture of common materials as in §6.4) but with three
dust components: a halo of sub-blowout grains, a halo of
barely bound grains, and a parent body component. The
spatial distributions of the two halo components were
identical to each other and to the halo component used
previously; the spatial distribution of the parent body
component was also unchanged. The division between
the sub-blowout and barely bound components was at
the grain size where β=0.5 and the division between
the barely bound halo and the parent body component
was at the grain size where β=0.2. That is, amax,sub
= amin,barely = a(β=0.5), and amax,barely = amin,PB =
a(β=0.2). We used amin,sub = 0.1 µm, amax,PB = 5000
µm, q = 3.65 for the parent body component, and q = 3.0
for both halo components. The masses of the three com-
ponents were free parameters in the fitting. The compo-
sition parameters were varied as before (from 0 to 1 in
steps of 0.2). The grain sizes where β=0.5 and β=0.2
varied with the composition because different composi-
tions have different Qpr(λ, a) values. The results were
nearly the same as what we found in §6.4 with the best
fit composition again fsil = 0.6, forg = 0.4. The grain size
corresponding to β=0.2 was 6.4 µm. Flux from the sub-
blowout component was dominant in the scattered light
bands and in thermal emission at 24 µm; all three com-
ponents contributed significantly at 70 µm. The mass in
sub-blowout grains was approximately the same as that
in the original fitting where the halo component spanned
both barely bound and sub-blowout grains in a single
grain size distribution.
Next we tried forcing the model to be depleted in sub-
blowout grains. Simulations by van Lieshout et al. (2014)
predicted that the dust surface area per decade of grain
size would be reduced by three orders of magnitude in
sub-blowout grains compared to barely bound grains.3
We reran our three component fitting with this relative
scaling between the sub-blowout and barely bound com-
ponents imposed. We could not achieve a good fit to the
3 These simulations included grain sublimation, so the magni-
tude of the depletion and the precise β value above which the de-
pletion occurred depended on the orbital location of the dust. At
30 au (the location of the outer parent body belt in their model),
the dust is unaffected by sublimation, and a depletion of three or-
ders of magnitude in surface area per decade of grain size occurred
at β ' 0.5 (see their Figure 5). This orbital location is most ap-
plicable to our situation, so we adopted these results.
data with any grain composition, confirming that sub-
blowout grains were a necessary part of our model.
Additional evidence exists for sub-blowout grains in
the β Pic system: detailed fits to the mid-IR spectral
features used grains as small as 0.1 µm in size (Li &
Greenberg 1998; Okamoto et al. 2004; Li et al. 2012). The
data of Okamoto et al. (2004) are particularly significant
since they see spatially distributed spectral features from
sub-blowout crystalline and amorphous silicates to 30 au,
where it appears the features become lost in the noise.
de Vries et al. (2012) fit olivine features at 34 and 69 µm
with a model emphasizing grain sizes of 1–3 µm and with
the grain placement consistent with the inner part of the
parent body disk, again showing the importance of sub-
blowout grains in the overall SED. Finally, the SED of β
Pic (Figure 14) shows its 24 µm flux density to be within
a factor of two of the peak, whereas it is more typical of
debris disks to have a difference of an order of magnitude.
That is, the warm spectrum arising from small grains is
unusually prominent compared with typical disks. Taken
together with our models that showed no significant dis-
continuity could be tolerated in the grain size distribu-
tion at the blowout size, these observations support our
assumption that small grains in the halo—many of them
below the blowout size—are dominant in the output at
wavelengths shorter than 50 µm. The emission at longer
wavelengths is then contributed primarily by the larger
grains in the parent body ring (created in the collisional
cascade therein), as required to fit the well-resolved im-
age with ALMA.
Sub-blowout grains have been inferred from the mod-
eling of other young, bright debris disks. For example,
when modeling the debris disk around Fomalhaut, Acke
et al. (2012) found that a significant contribution to the
observed flux came from sub-blowout grains. Rodigas
et al. (2015) used amin = 0.1 to fit the thermal and scat-
tered light of the HR 4796A disk.
7.2. The Dust Composition
Here we compare the composition/optical constants of
our best fit model with those found in other studies. We
reiterate that many models of debris disks simply as-
sumed the dust was composed of astronomical silicates
(e.g. Krist et al. 2010; Golimowski et al. 2011; Ertel et al.
2011). Other studies that did constrain the optical con-
stants relied on fitting the thermal SED only and did not
match the brightness of the disk in scattered light (e.g.
Lebreton et al. 2012; Donaldson et al. 2013).
Li & Greenberg (1998) modeled the SED of β Pic with
a focus on fitting the detailed shape of the ∼10 µm fea-
ture, so their constraints were strongest for the inner dust
component. They found that two grain populations were
needed: silicate grains with organic refractory mantles
and crystalline silicate grains. The silicate grains with
18
organic refractory mantles were roughly consistent with
the composition we found for the dust in the outer disk.
Okamoto et al. (2004) and Li et al. (2012) found that the
crystalline component detected near 10 µm was concen-
trated in the inner disk, while de Vries et al. (2012) de-
tected crystalline grains via their 34 and 69 µm features
in the outer disk. In both cases, the crystalline materi-
als account for only a few percent of the dust mass, but
are readily detectable in these small amounts because of
their sharp spectral features. Both because of their small
concentration and because the broad spectral character
of the crystalline material is similar to that of the amor-
phous material assumed in our model (e.g. Fabian et al.
2000), basing the model on the amorphous material is
acceptable given our emphasis on providing as simple a
fit as possible.
Min et al. (2011) derived expected dust compositions
based on the solar elemental abundances, yielding four
species with the following range of mass fractions: sil-
icates (24–47%), FeS (7–14%), carbonaceous dust (0-
20%), and water ice (39–49%). The range is due to the
unknown fraction of carbon that ended up in dust versus
CO gas. This mix of compositions was used to success-
fully fit the Herschel thermal images of the Fomalhaut
disk (Acke et al. 2012), but was not quantitatively com-
pared to the scattered light observations.
Dust particles in the Uranus ring system are very dark
in scattered light and lack water ice features (Karkoschka
2001), making them potential analogs for the dust in the
β Pic disk. Other solar system particles, like those in the
rings of Saturn, do not share these properties, however.
The most direct comparison with our work is the char-
acterization of the composition of the HR 4796A debris
disk using both scattered light and thermal emission by
Rodigas et al. (2015). One of their best fitting models
was an isolated case involving a large fraction of metal-
lic iron. We did not include iron in our fitting of β Pic,
but we consider it unlikely that the dust grains contain
much metallic iron unless they have been exposed to very
high temperatures. This fit illustrates our argument that
multiple types of material are in principle capable of pro-
ducing the optical constants needed to fit debris disk be-
havior. Excluding this case, Rodigas et al. (2015) found
that silicates and organics were generally preferred and
water ice was not. This agrees with our findings for β
Pic and suggests that there may be some commonality
to the composition of different debris disks.
8. SUMMARY
Matching the thermal emission and scattered light data
simultaneously has been a persistent problem for debris
disk modeling. Here we investigated whether this prob-
lem could be solved by varying the optical constants (and
thus composition) of the debris disk dust. We tested this
on the β Pic disk, for which there are high-quality well-
resolved images at many wavelengths, including in both
scattered light and thermal emission. We fit our models
to data from five instruments: HST/STIS, HST/WFC3,
Spitzer/MIPS, Herschel/PACS, and ALMA. The main
results of our modeling were as follows:
• When assuming the dust was composed entirely
of astronomical silicates, we could not achieve a
successful fit. This resulted in a model that was
too bright in scattered light relative to its thermal
emission—the same offset found by studies that at-
tempted to model other debris disks using only as-
tronomical silicates.
• We found that a generic model for the optical
constants with only a few free parameters could
achieve a much-improved fit. This demonstrated
that varying the optical constants was capable of
solving the problem.
• Since a variety of materials might be capable of
yielding the necessary optical constants, other con-
straints must be used to narrow the selection of
grain compositions.
• We modeled the dust as a combination of plausible
materials—astronomical silicates, water ice, refrac-
tory organics, and vacuum. We found that a good
fit could be achieved with a mix of silicates and or-
ganics, and that ice and vacuum were not favored.
• This model also reproduced well the observed ther-
mal SED, the scattered light colors, and the images
from T-ReCS at two mid-IR bands.
• The resulting best fit composition was similar to
candidates for the composition of the HR 4796A
debris disk found also by simultaneously fitting the
thermal and scattered light observations (Rodigas
et al. 2015).
With continued observations from HST and ALMA and
future observations from JWST, the number of debris
disks with high-quality data across the electromagnetic
spectrum will grow. The composition of these disks can
be measured by the method described here. This will
allow compositions to be determined and compared for
many debris disks.
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APPENDIX
A. COMPARISON WITH ADDITIONAL DATA
A.1. The SW Side
Our constraints on the dust composition used data only
from the NE side of the disk. Here we use the data from
the SW side of the disk as a check on our results. We
generated model images using the same grain size and
composition parameters as our best fit model to the NE
side, but with the spatial parameters found in §5 for the
SW side (parent body rout = 155 au instead of 150 au,
and more significantly the halo p = 3.1 instead of 2.4).
The results are shown in Figure 15. The models fit
the STIS, WFC3, and MIPS data well, but the halo
component under-predicts the observed flux at 70 µm.
The parent body model fits the ALMA data well, but
is somewhat too bright in the MIPS and PACS bands.
The masses of the model components found by this fitting
were Mhalo = 6.01×10−3M⊕ and MPB = 8.60×10−2M⊕.
Compared to the NE side, the SW side had a less massive
halo and a more massive parent body component.
Our fitting to the the SW side implicitly assumed that
the known asymmetry between the two sides was caused
by differences in the spatial distribution of the dust,
rather than differences in the grain properties. Perhaps
the fit to the SW side could be improved by using dif-
ferent grain size parameters. The SW side also hosts a
large clump seen in thermal emission at several wave-
lengths and in CO gas (Telesco et al. 2005; Dent et al.
2014), which may be the site of a recent massive collision
and may contribute to the asymmetry. A detailed study
of the differences between the NE and SW sides of the
disk, however, is beyond the scope of this paper.
A.2. Gemini/T-ReCS
β Pic was imaged with Gemini/T-ReCS in five bands:
8.7, 11.7, 12.3, 18.3, and 24.6 µm, and these data were
published by Telesco et al. (2005). Here we used the im-
ages at 18.3 and 24.6 µm, wavelengths at which the outer
disk components contributed significantly. We obtained
the rotated, calibrated images with units of mJy/pixel.
From each image we subtracted a constant background
value, derived using the IDL program mmm.pro. These
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Figure A15:. Models generated with the grain properties de-
rived from fits to the NE side but with the spatial parameters
found for the SW side. The models were fit to the data from
the SW side of the disk. The halo component matched the
HST and MIPS bands well, but was too faint compared to
the 70 µm PACS data. In addition, the parent body compo-
nent fit the ALMA data well, but contributed too much at
24 and 70 µm. The black lines are the data, the green lines
are the parent body model, the blue lines are the halo model,
and the dashed red lines are the total model. The vertical
dashed lines show the range of data to which the model was
fit.
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values were 0.005 ± 0.225 mJy/pixel at 18.3 µm and
0.214 ± 1.299 mJy/pixel at 24.6 µm. We converted the
surface brightness to units of mJy arcsec−2 using a pixel
size of 0.′′09 for the 18.3 µm image and 0.′′086 for the 24.6
µm image. We smoothed each image with a boxcar ker-
nel roughly the size of the FWHM of the instrument PSF
(5×5 and 7×7 pixels for the 18.3 and 24.6 µm images,
respectively).
We extracted radial profiles using a cut width of 9 pix-
els (0.′′81 at 18.3 µm, 0.′′774 at 24.6 µm). The profiles are
shown in Figure 16. The uncertainty on the profiles was
the combination in quadrature of 10% calibration uncer-
tainty and the mJy/pixel uncertainty of 0.13 and 0.7 for
the 18.3 and 24.6 µm images, respectively, from Table 1
of Telesco et al. (2005). The profiles had a central, un-
resolved component arising from the star plus the warm
inner disk component with the flux outside of this arising
from the outer disk components.
We included the photometry measurements of the
whole disk as given by Telesco et al. (2005) for these
data in our Table 1. The T-ReCS flux at 24.6 µm was
higher than the MIPS flux and ISO flux at similar wave-
lengths, which may be due to a calibration problem (this
is supported by the relatively large background value we
found for the 24.6 µm image).
We compared our best fit model with the outer parts
of the 18.3 and 24.6 µm T-ReCS profiles. We convolved
model images at these wavelengths with PSFs that were
modeled as symmetric 2D Gaussians with FWHM of
0.′′54, and 0.′′72 for the 18.3 and 24.6 µm images, respec-
tively. The comparison is shown in Figure 17. We find
good agreement between our models and these data. The
18.3 µm image is the shortest wavelength in the thermal
regime at which our model was tested.
A.3. Scattered Light Color
Golimowski et al. (2006) imaged β Pic’s disk with
the HST/ACS High Resolution Channel in three scat-
tered light bands: F435W, F606W, and F814W with
central wavelengths 0.4311, 0.5888, and 0.8115 µm, re-
spectively. They found that the disk was redder than the
star, and that the disk became somewhat redder moving
outwards along the midplane. Specifically, for their PSF-
deconvolved images, the F435W−F606W color ranged
from 0.1 to 0.2, and the F435W−F814W color ranged
from 0.2 to 0.35 along the disk (see their Figure 18).
Golimowski et al. (2006) investigated whether they
could constrain the dust composition and minimum grain
size using their measured scattered light colors. They
found that many combinations of parameters could fit
their data, which supports the premise of our work—
that both scattered light and thermal data are required
to constrain the composition. They did, however, ex-
clude very porous grains (90%), which always resulted in
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Figure A16:. Profiles of the T-REcS images of the β Pic
disk at 18.3 and 24.6 µm. The gray region is the uncertainty
along the profiles. The NE side of the disk is to the right, the
SW side is to the left. The central peak is the unresolved flux
from the central star and the inner disk component. Outside
of that, the broad shoulder is the flux from the outer disk
components.
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Figure A17:. The best fit model compared with NE side
profiles of the T-ReCS data at 18.3 and 24.6 µm. We achieved
a good fit with the exception of the shape of the model at 18.3
µm at small r.
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scattered light colors bluer than the star.
We generated model images at these ACS wavelengths
to see if our best fit halo component (which domi-
nated the scattered light signal) showed a similar be-
havior in its scattered light colors. Figure 18 shows
the F435W−F606W and F435W−F814W colors of our
model. To make these images, we divided the model im-
age at each wavelength by the flux density of the star
at that wavelength (as discussed in §2) and then divided
the two images by each other and converted the result to
a magnitude scale. Because we were comparing with the
deconvolved ACS data, we did not convolve our model
images with any model PSF. Our results generally agreed
with the ACS data—the midplane of the disk was redder
than the star by a couple of tenths of magnitude, and
became redder farther from the star.
Our model used the same grain sizes and composition
at all locations in the disk, so the change in disk color
across the image must result from the wavelength de-
pendence of the scattering phase function. Interior to
rin and also above the disk wedge—locations dominated
by forward- or back-scattering—the dust was bluer (at
some points even bluer than the star), whereas in the
disk plane where scattering occurred at angles closer to
∼90◦, the dust was red. The increasing redness of the
disk outwards along the midplane likely also arises due
to an increasing proportion of the scattering happening
at ∼90◦.
In Figure 19 we plot profiles of the color images along
the midplane as well as the color profile measured by
Golimowski et al. (2006). They smoothed their image
with a 7×7 pixel boxcar before extracting a profile along
the midplane, so we extracted a four pixel wide profile
to capture approximately the same region of the image
(the ACS pixels were half the size of our model pixels).
This confirmed the general agreement of our model with
these measurements. In the range of the radial profile
where Golimowski et al. (2006) measured the disk colors
(3′′–13′′), our model color profiles show a constant color.
However, using a wider profile cut to generate the profiles
would result in an increasing red color over this range of
the profile, because less of the bluer flux from above the
wedge would be included with increasing distance from
the star.
Next we looked into the color of the dust predicted
by our model at wavelengths beyond those measured by
ACS, STIS, and WFC3. We generated models of the halo
component from 0.2–4 µm, and normalized them by the
brightness of the star at those wavelengths. In Figure
20 we show the resulting scattered light SEDs extracted
at the origin and at r = 10′′ on the disk midplane. The
SED from the disk midplane showed the dust reddening
across the visible, but the color became more neutral at
longer wavelengths. At the origin, which probed only
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Figure A18:. Images of the F435W-F606W and F435W-
F814W colors of our model disk. The disk is bluer in regions
dominated by forward- and back-scattering.
the forward- and back-scattered light, the dust was blue
across this whole wavelength range, although the gradi-
ent of the color was shallower at longer wavelengths.
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